DNA methylation and demethylation play important roles in mediating epigenetic regulation. So far, the mechanism of DNA demethylation remains elusive and controversial. Here, we constructed a plasmid, named with pCBS-luc, that contained an artificial CpG island, eight Gal4 DNA-binding domain binding site, an SV40 promoter, and a firefly luciferase reporter gene. The linearized pCBS-luc plasmid was methylated in vitro by DNA methyltransferase, and transfected into the HEK293 cells. The stable HEK293 transfectants with methylated pCBS-luc (me-pCBS-luc) were selected and obtained. The methylation status of the selected stable cell lines were confirmed by bisulfite sequencing polymerase chain reaction amplification. The methylation status could be maintained even after 15 passages. The virion protein 16 (VP16) was reported to enhance DNA demethylation around its binding sites of the promoter region in Xenopus fertilized eggs. Using our me-pCBSluc model, we found that VP16 also had the ability to activate the expression of methylated luciferase reporter gene and induce DNA demethylation in chromatin DNA in mammalian cells. Altogether, we constructed a cell model stably integrated with the me-pCBS-luc reporter plasmid, and in this model we found that VP16 could lead to DNA demethylation. We believe that this cell model will have many potential applications in the future research on DNA demethylation and dynamic process of chromatin modification.
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Introduction
Heritable alterations in gene expression caused by mechanisms other than changes in the DNA sequence are called epigenetic alterations. Epigenetic events are reversible and contribute to chromatin structure stability, genome integrity, the modulation of tissue-specific gene expression, embryonic development, replication timing, genomic imprinting, as well as X-chromosome inactivation in females [1] [2] [3] [4] . DNA methylation is one of the most important molecular mechanisms mediating epigenetic regulation. In mammals, DNA methylation often occurs at the cytosine residue in CpG islands (CGIs), which are short fragments of CpG-dense DNA. Approximately 50,200 such CGIs exist in the human genome, and at least 29,000 are in repeat-masked sequences, many of which surround the 5 0 end of genes, particularly the promoter region or the first exon of a gene [5] . Methylation and demethylation of the promoter CGIs are alternative mechanisms of gene inactivation and activation. For example, the silence of a significant proportion of tumor-suppressor genes in human embryonic and adult stem cells has been associated with promoter DNA hypermethylation [6, 7] . However, most hypermethylated promoters are occupied by methyl-CpG-binding domain proteins which have a high affinity in vivo for binding hypermethylated promoter CGIs [8] . Several studies have revealed that both global DNA hypomethylation and regional hypermethylation occur in tumorigenesis [9, 10] , highlighting the important roles of DNA methylation and demethylation in the carcinogenesis of human tumors [11] . DNA demethylation is a process of removal of methyl group from the nucleotide in DNA, which could be passive or active. Passive process takes place in the absence of
methylation of newly synthesized DNA strands by DNA methyltransferase 1 (DNMT1) during several replication rounds, such as using 5-aza-2 0 -deoxycytidine [12, 13] , trichostatin A [14, 15] , RNA interference [16] , and microRNA to down-regulate DNMT [17] . Active DNA demethylation occurs via active dismiss of methyl group, which is involved in many vital developmental and physiological processes of plants and animals [18] . After the protamine-histone exchange, the sperm-derived paternal pronucleus undergoes active genome-wide DNA demethylation, an event that occurs quite rapidly within 4-8 h post-fertilization [19] . Active cytosine demethylation can be also triggered by a nuclear receptor, such as retinoic acid receptor, oestrogen receptor, etc. [20] .
Li et al. [21] first reported that chimeric DNMTs, fused with Gal4 DNA-binding domain (DBD), could target DNA methylation to specific DNA sequences and repress the expression of target gene, which indicated that epigenetic modifiers fused with DBD domain have the ability to induce epigenetic alteration around the DBD-binding site. To study the mechanisms of local targeted DNA demethylation and the relation between DNA demethylation and chromatin histone modification in living cells, we constructed the cell lines stably transfected with methylated luciferase reporter plasmid, with DBD-binding sites in its promoter regions. For the first time, we found that chimeric virion protein 16 (VP16) transcription activating domain, fused with Gal4 DBD, could induce the DNA demethylation in mammalian cells.
Materials and Methods

Plasmid construction
The pCBS-luc plasmid used in this study was derived from the vector pcDNA 3.1, and consisted of a CpG island from Streptomyces coelicolor, eight Gal4 DBD-binding sites, an SV40 promoter, and a luciferase reporter gene. pMVP16 was constructed by digesting the vector pM (Clontech, Palo Alto, USA) with EcoRI (TaKaRa, Dalian, China), and ligated with an EcoRI fragment from the polymerase chain reaction (PCR) product which using plasmid pVP16 as the template. pMIP was derived from the vector pM and contained IRES-puromycin (IP), which was derived from pCAG-IP. pMIPVP16 was constructed based on pMIP, which was digested using EcoRI and ligated with an EcoRI fragment from the plasmid pMVP16.
The primers used for PCR were: VP16-F, 5 0 -GGG GAATTCATGGGCCCTAAAAAGAAGCGTAAAGTC-3 0 and VP16-T, 5 0 -TCAGGTTCAGGGGGAGGT-3 0 .
In vitro methylation and methylation-sensitive restriction enzyme assay The CpG sites in pCBS-luc were methylated in vitro using CpG methylase (M.SssI) according to the manufacturer's instructions (New England Biolabs Inc., Beverly, USA). The product was purified using the Axygen DNA gel extraction kit (Axygen Biosciences, Shanghai, China). The efficiency and amount of methylation were determined by restriction analysis using the methylation-sensitive restriction endonuclease HpaII (New England Biolabs Inc.). A total of 1 mg methylated pCBS-luc (me-pCBS-luc) and unmethylated pCBS-luc (unme-pCBS-luc) were digested at 378C for 3 h using 20 U HpaII. Restriction enzyme digestion results were analyzed using 1% agarose electrophoresis.
Cell culture and transfection
The HEK293 cell line was obtained from the American Type Culture Collection and cultured in Dulbecco's modified Eagle's medium (Gibco, Grand Island, USA) supplemented with 5% fetal bovine serum and 5% new bovine serum (Gibco). All cell lines were incubated at 378C in 5% CO 2 .
All plasmid DNA used for transfection were extracted using a DNA Midiprep kit (Qiagen, Hilden, Germany). For both transient and stable transfections, cells were transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, USA) according to the manufacturer's instructions.
Monoclonal cell and stable cell line selection To generate me (or unme)-pCBS-luc stable cell lines, the pCBS-luc plasmids were linearized with restriction enzyme PstI and methylated in vitro using M.SssI. HEK293 cells were co-transfected with linearized me (or unme)-pCBS-luc plasmid and anti-hygromycin gene expression vector in the ratio of 9:1. Stable pCBS-luc cell lines were selected with 100 mg/ml hygromycin B (Sigma, St Louis, USA) and, 3 weeks after transfection, surviving cell clones were selected and expanded.
The selected stable HEK293 transfectants were screened using a luciferase assay and PCR. PCR was performed to detect the stable integration of pCBS-luc into the HEK293 cells. Genomic DNA extracted from cell colonies was used as the template. PCR conditions were as follows: 1 cycle of 948C for 3 min, 30 cycles of denaturation at 948C for 30 s, annealing at 578C for 30 s, and extension at 728C for 30 s, and a final extension at 728C for 1 min. The primers used for detection were CBS-F2, 5
0 -TCTGCGATCT GCATCTCAAT-3 0 and CBS-T, 5 0 -AACAGTACCGGAAT GCCAAG-3 0 .
VP16 induces DNA demethylation in a novel cell model
To select the stable cell lines containing both pCBS-luc and pMVP16, we transfected pMIPVP16 into the me-pCBS-luc stable HEK293 transfectants. As a negative control, we transfected pMIP into the me-pCBS-luc stable HEK293 transfectants. These cell lines were selected with 1 mg/ml puromycin.
Luciferase assay
To confirm the luciferase activity of pCBS-luc plasmid (me-pCBS-luc/unme-pCBS-luc), HEK293 cells were seeded in a 96-well plate. The cells were co-transfected with 2 ng of the internal control vector pRL-Renilla (Promega, Madison, USA), 40 ng of pCBS-luc (me-pCBS-luc/ unme-pCBS-luc), and 160 ng of different plasmids ( pM or pMVP16). To screen the me (or unme)-pCBS-luc stable HEK293 transfectants with luciferase assay, the me (or unme)-pCBS-luc stable HEK293 transfectants were seeded in a 96-well plate, followed by co-transfection with 2 ng of the internal control vector pRL-Renilla (Promega), and 200 ng of different plasmids ( pM or pMVP16). pM was used as a negative control, and pMVP16 was used for transcriptional activation. At 48 -72 h after transfection, the firefly and Renilla luciferase activities were assayed according to the manufacturer's protocol (Promega). Firefly luciferase activity was normalized on the basis of Renilla luciferase activity values for each sample. Relative luciferase value ¼ firefly luciferase value/Renilla luciferase value.
DNA extraction, bisulfite treatment, and nested bisulfite sequencing PCR amplification Genomic DNA was extracted from cells using the TIANamp Genomic DNA kit (Tiangen Biotech Beijing Co., Ltd, Beijing, China) according to the manufacturer's instructions. All extracted DNA samples were quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, USA).
A total of 500 ng of extracted genomic DNA was bisulfite-converted using the EZ DNA methylation-Gold Kit (Zymo Research, Orange, USA) according to the manufacturer's recommendations. To obtain products for sequencing, the nested PCR amplification was performed with 50 ng of bisulfite-treated DNA. The first round of PCR was performed in a reaction volume of 20 ml consisting of 1Â Taq reaction buffer, 0.25 mM of each dNTP, 0.4 mM of each primer, and 1.5 U of Taq DNA polymerase (Tiangen Biotech Beijing Co., Ltd). PCR conditions were as follows: 1 cycle at 948C for 3 min followed by 45 cycles of denaturation at 948C for 30 s, annealing at 558C for 30 s, and extension at 728C for 30 s. A final extension was performed at 728C for 1 min. The second round of PCR was performed in a 50-ml mixture containing 2 ml of first-round PCR products under the previously described conditions. The amplified fragments were purified using the Axygen DNA gel extraction kit (Axygen Biosciences), subcloned into the pTA2 vector (Toyobo Inc., Osaka, Japan) and sequenced.
The primers used for PCR were: CBSB-wF, 5 0 -TTATG GATTTGYGATTTGTATT-3 0 , CBSB-wT, 5 0 -TAAAAAC AATTATTCCAAAAACCA-3 0 , CBSB-F, 5 0 -TTGTATTT TAATTAGTTAGTAATTATAGTT-3 0 , and CBSB-T, 5 0 -TT ACAAAAACCTAAACCTCCAAAAA-3 0 .
Results
Construction of a luciferase reporter gene plasmid with methylated promoter To obtain a stable cell model for studying DNA demethylation, we constructed a luciferase reporter gene vector, with eight Gal4 DBD-binding sites in the upstream of its SV40 promoter region [ Fig. 1(A) ]. The SV40 promoter had moderate activity and could activate the transcription of the luciferase reporter gene. DBD-binding sites can recruit the epigenetically modifying enzymes fused with DBD. DNA methylation and demethylation events can be easily monitored by measuring the expression of the luciferase reporter gene. pCBS-luc plasmid was linearized and methylated by DNMT M.SssI in vitro. The efficiency and the level of methylation of me-pCBS-luc plasmid were verified with methylation-sensitive restriction enzyme HpaII. As expected, unme-pCBS-luc plasmid was cleaved completely, with the bands 500 bp, whereas the bands of digested me-pCBS-luc ranged mainly from 2000 to .4500 bp [ Fig. 1(B) ]. The result indicated that M.SssI-mediated CG methylation effectively inhibited HpaII digestion, and we also noticed that me-pCBS-luc was partially digested by HpaII, which might be resulted from incomplete methylation by M.SssI because of high contents of CpG in pCBS-luc (502 CpGs in total). But the incomplete methylation status would not affect our subsequent experiments, because we would select the stable HEK293 transfectants according to the luciferase activity, theoretically by which the selected transfectants can be divided into three different methylation states: unmethylation, complete methylation, and partial methylation, and the partial methylation cells would also be useful for other experiments as a transition state. It is the premise for our subsequent experiments that DBD can bind the methylated DBD-binding sites, so we detected whether the fusion protein DBD-VP16-expressing plasmid ( pMVP16) can activate luciferase reporter gene of me-pCBS-luc by transient transfection. As shown in Fig. 1(C) , luciferase activity was observed for both plasmids (me-pCBS-luc and unme-pCBS-luc), with the unmethylated plasmid showing significantly higher activity than the methylated plasmid.
VP16 induces DNA demethylation in a novel cell model
Selection of cell lines with me-pCBS-luc and unme-pCBS-luc As described in the Materials and Methods, stable methylated (or unmethylated) pCBS-luc HEK293 transfectants were generated by selection of hygromycin B. To simplify the first-round screening process, pMVP16 was introduced into the stable cell lines and cell clones were selected based on whether pMVP16 can induce the luciferase expression [ Fig. 2(A,B) ]. Two me-pCBS-luc stable cell lines were selected, with three unmethylated ones as Figure 2 Selection of stable transfected cell lines (A) Select the stable me-pCBS-luc transfectants based on whether the luciferase expression can be induced by pMVP16. As described in the Materials and Methods, stable me-pCBS-luc HEK293 transfectants were generated by selection of hygromycin B. pMVP16 was transfected into the selected clones, and the luciferase activity was assayed at 72 h after transfection. The pM plasmid was used as the negative control, and the luciferase value of HEK293 transfected with pM plasmid was set as 1. Renilla luciferase was used to normalize the values of the experimental reporter gene. Normalized data were expressed as the mean + SD. (B) Similar to the selection of me-pCBS-luc transfectants, stable unme-pCBS-luc transfectants were selected according to the luciferase activity induced by pMVP16.
Figure 1 Methylate the luciferase reporter gene plasmid pCBS-luc (A) Schematic of the plasmid pCBS-luc used in this study. (B)
Methylation-sensitive restriction enzyme assay of me-pCBS-luc and unme-pCBS-luc plasmids. Methylation of pCBS-luc inhibits the digestion by HpaII, while unme-pCBS-luc was cleaved completely. (C) Luciferase expression of me-pCBS-luc plasmid can also be induced by pMVP16. me-pCBS-luc or unme-pCBS-luc was co-transfected with pMVP16 plasmid into HEK293 cells, respectively, and the firefly luciferase activity was assessed at 72 h after transfection. The pM plasmid was used as the negative control. The luciferase value of HEK293 transfected with pM plasmid was set as 1. Renilla luciferase was used to normalize the values of the experimental reporter gene. Normalized data were expressed as the mean + SD.
VP16 induces DNA demethylation in a novel cell model negative controls. Comparing the two methylated cell lines, we found that methylated cell line 9 showed less luciferase activity than line 7 [ Fig. 2(A) ].
Confirming the methylation status of the selected cell lines
The existence of pCBS-luc in the selected stable transfectants was confirmed by PCR. The linearized pCBS-luc still can be detected even after 15 passages of growth, which indicated that they have integrated into chromatin [ Fig. 3(A) ]. In addition, no mutation was found in pCBS-luc, which was confirmed by PCR product sequencing (data not shown). Nested bisulfite sequencing polymerase chain reaction amplification (BSP) was then used to detect the methylation level of the promoter region of pCBS-luc in the cell lines. As shown in Fig. 3(B) , methylated cell line 9 was 100% methylated, whereas methylated cell line 7 was partially methylated, and unmethylated cell line 8 was 100% unmethylated. As shown in Table 1 , the basic and VP16-induced expression of luciferase in me-pCBS-luc cells was lower than in unme-pCBS-luc ones, which indicated that DNA methylation suppressed the expression of reporter genes. This result further confirmed that pMVP16 can bind the methylated promoter and activate luciferase expression in the context of chromatin. Methylated cell line 9 was 100% methylated and had almost no luciferase activity. However, the lack of reporter gene activity did not make it an ideal target for studying the dynamic changes in DNA demethylation. In contrast, methylated cell line 7 had moderate luciferase activity, VP16 induces DNA demethylation in a novel cell model making it a more convenient tool to study both DNA demethylation and DNA methylation. Therefore, we selected methylated cell line 7 as the methylation model. For the unmethylated cell line, we selected cell line 8. Before using the selected cell lines to study DNA methylation and demethylation, we sought to verify whether their methylation status was stable throughout generations of cell growth. For methylated cell line 7 and unmethylated cell line 8, we verified the methylation level of pCBS-luc using BSP sequencing [ Fig. 3(C) ]. The BSP sequencing results suggested that the methylation level of both two cell lines were stable even after 15 passages of cell growth.
Application of the constructed cell model to study DNA demethylation by VP16 VP16 is a viral protein that has a strong activation domain and can activate transcription by interacting with a DNA-binding domain [22, 23] . In the experiments described above, VP16 was mainly used as a strong activator in the reporter luciferase assay to select cell clones. In addition to its role in transcriptional activation, VP16 has also been reported to enhance DNA demethylation in its binding promoter region in Xenopus fertilized eggs [24] . However, little is known about whether VP16 can also enhance DNA demethylation in mammalian cells. To demonstrate the applicability of our cell model for studying DNA demethylation, we used the cell model to investigate whether VP16 could also enhance DNA demethylation in mammalian cell lines. After transfecting pMIPVP16 into methylated cell line 7, we observed that there was only one methylation site at 72 h post-transfection and no methylation site at 7 days. In contrast, the transfection of pMIP did not lead to any change in the DNA methylation status [ Fig. 4(A,B) ]. Thus, we conclude that, using our constructed cell model, we observed for the first time that VP16 can induce DNA demethylation in mammalian cells under our experiment condition.
Discussion
In this study, we developed a cell model with stable DNA methylation status. The reporter gene vector, pCBS-luc, Figure 4 VP16 can induce demethylation of the promoter region in the me-pCBS-luc cell model (A) Methylation status of the pCBS-luc promoter region in methylated cell line 7 was analyzed by BSP at 72 h after transfection with pMIPVP16, using pMIP as negative control. (B) Seven days after transfection, methylation status was tested. The black squares correspond to methylated Cs, the white squares correspond to unmethylated Cs, and the gray squares correspond to missing values.
VP16 induces DNA demethylation in a novel cell model was constructed, and then was linearized and methylated using M.SssI in vitro, following by transfected into HEK293 cell lines, and the stable me (or unme)-pCBS-luc HEK293 cell lines were selected. The results of genomic PCR showed that the originally linearized pCBS-luc stably existed in the selected transfectants after 15 passages of growth, which indicated that the pCBS-luc had been integrated into chromatin [ Fig. 3(A) ]. Three types of cell lines (completely methylated, partially methylated, and completely unmethylated) were selected for BSP analysis to confirm their methylation status [ Fig. 3(B) ]. Mammalian DNMTs can be divided into: de novo DNMTs that could methylate hemimethylated and unmethylated CpG at the same rate (including DNMT3a and DNMT3b); and maintenance DNMTs that predominantly methylate hemimethylated CpG di-nucleotides in the mammalian genome and maintain the methylation pattern that had been established by the de novo DNMTs, including DNMT1, which is the most abundant DNMT in mammalian cells [25] . The existence of mammalian maintenance DNMTs is our theoretical basis for the establishment of stable me-pCBS-luc cell line. The BSP sequencing results suggested that the methylation status was maintained even after 15 passages [ Fig. 3(C) ]. As a control, the unmethylated cell line 8 was also stable.
The stable me-pCBS-luc cell model has two major advantages: (i) unlike the transiently transfected plasmid, the integrated pCBS-luc is packaged into chromatin, which more resembles the state of endogenous promoters; (ii) this is an easy-to-manipulate model. The luciferase reporter gene is easy to detect and quantify, by which the epigenetic modification's effects on gene expression can be easily analyzed and in turn epigenetic modification can be predicted according to the luciferase expression.
In our primary screening for the me-pCBS-luc stable transfectants, pMVP16 was introduced into the stable cell lines and shown to activate luciferase expression even at me-pCBS-luc stable transfectants. VP16 was reported to enhance DNA demethylation in the promoter region after interaction with a host DNA-binding domain in Xenopus fertilized eggs [24] . Our studies further revealed that pMVP16 can lead to a dramatic demethylation of the artificial CGIs of the promoter in our construct [ Fig. 4(A,B) ]. This result gives the protein experts a new sight to study the functional mechanism about VP16 in mammalian cells. Whether the DNA demethylation was activated by VP16-induced transcription activation as in Xenopus fertilized eggs needs further studies. The change of chromatin modification caused by the VP16-induced DNA demethylation is also an interesting project. Therefore, we have not only constructed a novel cell model for studying DNA demethylation but also demonstrated for the first time that VP16 can induce DNA demethylation in mammalian cells. Recently, two cell models were reported to study DNA demethylating agents [26, 27] . We proposed that the me-pCBS-luc cell model can also be suitable for highthroughout screening of DNA methylation inhibitors and some putative DNA demethylase, such as the recently discovered ten-eleven translocation family proteins [28] .
Furthermore, as described in the study by Li et al., [21] DBD-fused DNMTs can methylate the transiently transfected plasmids. However, transient transfected DNA plasmids are not able to reflect the real status of chromatin DNA, which can be solved in our unme-pCBS-luc cell lines. Me-pCBS-luc and unme-pCBS-luc also are suitable to study the relationship between DNA methylation and histone modification, such as histone methylation, phosphorylation, acetylation, and sumoylation, etc. By comparing the difference of the histone modification in these two cell models, we can tell how DNA methylation affects histone modification. Or in contrast to VP16-induced DNA demethylation, the DBD-fused DNMT can be introduced into unme-pCBS-luc cells to induce de novo promoter methylation, then the dynamic process of how DNA methylation regulates histone modification can be observed.
DNA methylation and demethylation play important roles in chromatin remodeling. We believe that this cell model will have many potential applications in the future research on DNA demethylation and dynamic process of chromatin remodeling.
